In the frame of a systematic study of charged particle production routes of medically relevant radionuclei, the excitation function for indirect production of 178m Ta through nat Hf(α,xn) 178−178m Ta nuclear reaction was measured for the first time up to 40 MeV. In parallel, the side reactions nat Hf(α,x) 179,177,176,175 W, 183,182,178g,177,176,175 Ta, 179m,177m,175 Hf were also assessed. Stacked foil irradiation technique and γ-ray spectrometry were used. New experimental cross section data for the nat Ta(d,xn) 178 W reaction are also reported up to 40 MeV. The measured excitation functions are compared with the results of the ALICE-IPPE, and EMPIRE nuclear reaction model codes and with the TALYS 1.4 based data in the TENDL-2013 library. The thick target yields were deduced and compared with yields of other charged particle ((p,4n), (d,5n) and ( 3 He,x)) production routes for 178 W.
Introduction
The short-lived (9.3 min) metastable state of the 178 Ta a radioisotope can be used both for diagnostic (PET studies, total β + decay: 1.24%) as well as for therapeutic purposes (K α1 + K α 2 60%) (Lacy et al., 2001 ; Layne and Lacy, 1990; Nichols, 2013; Wilson et al., 1987) . It can be produced from long-lived (21.7 d) 178 W via a 178 W/ 178 Ta generator. The used production routes include proton and deuteron induced reactions on tantalum and alpha and 3 He particle induced reactions on hafnium. In the frame of a coordinated research project of the IAEA the evaluation of cross sections of production routes of several medical radioisotopes, including the so called generator isotopes, is in progress (Nichols, 2013) . The production routes for a 178 W/ 178 Ta generator were previously compiled (not evaluated) in another IAEA project dealing with the physical characteristics and production methods of cyclotron produced radionuclides (Haji-Saeid et al., 2009). The compilation of the available experimental cross section results showed no * Corresponding author: ditroi@atomki.hu satisfactory data set. No cross section data are available for the nat Hf(α,xn) 178 W reaction. Among the possible production routes we also measured cross sections (up to 70 MeV) and made theoretical calculation for the nat Ta(p,x) 178 W reaction (Uddin et al., 2004) . We also investigated activation cross sections for deuteron induced reactions on Ta up to 40 MeV, but cross section data for 178 W production were not reported (Hermanne et al., 2009) . In this work we experimentally investigate the excitation function of the nat Hf(α,xn) 178 W reaction and the accompanying side reactions, and by re-evaluating the spectra obtained in our earlier nat Ta(d,x) experiment we report cross sections of the nat Ta(d,x) 178 W reaction. To show the capability of different nuclear reaction codes, the measured excitation functions are compared with the results obtained with ALICE-IPPE, EM-PIRE and TALYS 1.4 (data from the TENDL-2013 online library) nuclear reaction codes. The thick target yields were deduced and also compared with yields of other charged particle production routes for 178 W. The Ta is nearly monoisotopic, consists of 99.988%
181 Ta and only 0.012 % 180 Ta, therefore under the present un-certainty levels we can use in the text the nat Ta and the 181 Ta alternately.
2. Review of earlier measurements of cross section for production of 178 W A summary of the earlier and the present experimental investigations (p, d, α-particle) found in the literature is presented in Table 1 . The numerical cross section and yield data of the earlier measurements were taken from the original works, from the NRDC Experimental Nuclear Reaction Data (EXFOR) database (IAEA, 2014) and from the early Landolt-Bornstein (Semenov et al., 1996) compilations.
Theoretical calculations
The measured cross sections were compared with the theoretical effective cross sections calculated by means of three different nuclear reaction computer model codes. For the pre-compound model codes ALICE-IPPE (Dityuk et al., 1998) and EMPIRE-II (Herman et al., 2007 ) the parameters for the optical model, level densities and pre-equilibrium contributions were taken as described in (Belgya et al., 2005) . The third set of theoretical values on the figures represent data taken from the TENDL-2013 online library (Koning et al., 2012) calculated with the 1.4 version of TALYS (Koning et al., 2007). The cross sections for isomers in the case of the ALICE code were obtained by using the isomeric ratios calculated with EMPIRE code.
Experimental techniques and data evaluation
4.1. The experimental techniques for the nat Hf(α,x) experiment The experimental method used was similar to that described in our numerous earlier investigations of charged particle induced nuclear reactions for production of medically relevant radioisotopes. Here we report only the most salient features related to reliability of the measured data in table form (see Table 2 ). The excitation functions were measured by activation method using the stacked foil technique. Commercial, high purity (Goodfellow) Hf target foils and Ti monitor foils were interleaved in a stack to measure the unknown excitation functions of the radionuclides produced in Hf and to re-measure the well-known excitation function of the monitor reaction in parallel. The thickness and the uniformity of the used targets were determined by weighing the original metal sheets and the individual target foils. The target stack was irradiated at the external beam line of the CGR560 cyclotron of the Vrije Universiteit Brussel (VUB) in a Faraday-cup-like holder to control the beam intensity parameters. The primary beam energy was estimated from the parameters of the accelerator and from the extraction, calibrated by TOF method (Sonck et al., 1996) . The excitation function of the simultaneously measured monitor reaction nat Ti(α,x) 51 Cr is shown in Fig. 1 in comparison with the recommended data taken from (Tárkányi et al., 2001 ). An excellent agreement was found after small corrections of the beam intensity (5% relative to the Faraday cup results) and of the primary beam energy (0.3 MeV). The decay data were taken from NUDAT 2.6 library (NuDat, 2014), except for a few isotopes (not detailed in NUDAT), for which the decay data are taken from the LBL library (marked in the discussion) (Firestone and Ekstrm, 2004) . The uncertainty of the energy was increasing from 0.3 MeV for the first foil to 1.5 MeV at the end of the stack. The cross section uncertainties are in the 10-20 % range and were calculated by using the activation and decay formulas. The uncertainty of cross-sections was derived by summing in quadrature of all individual contributions (beam current (7%), beam-loss corrections (max. of 1.5%), target thickness (3 %), detector efficiency (5%), photo peak area determination and counting statistics (1-20 %)). The contributions of the uncertainties of non-linear parameters were neglected (cooling times, half-life). The samples were measured at relatively large distances from the detector surface (> 5 cm) in order to consider them as point-like sources and ensure a better reproducibility. Tables 4-6 . The reactions responsible for the production of a given activation product and their Q-values are given in Table 3. The radioisotopes of W are produced via (α,xn) reactions, the tantalum radioisotopes by (α,pxn) and by EC-β + of W and by β − -decay Hf radioisotopes, the Hf radioisotopes are produced by (α,2pxn) and EC of Ta. 5.1.1.1 Production of 179 W
The measured cross sections for 179 W (T 1/2 = 37.05 min) production include the full contribution of the decay of the short-lived isomer (T 1/2 = 6.40 min, IT: 99.71%). The experimental and theoretical excitation functions are shown in Fig. 2 . In case of ALICE and EMPIRE the total production cross section is given for nat Hf(α,xn) 179 W. The isomeric ratio for the isomer 1/2 − is less than 0.03 and the calculated isomer production is about 30-50 times lower. The values of the theoretical codes are systematically higher, but the agreement between the experimental and theoretical data is more or less acceptable.
Production of
178 W In the decay of the long-lived 178 W (T 1/2 = 21.6 d) no measurable γ-rays are generated. The production cross section of 178 W can however be assessed through γ-lines of the short-lived 178g Ta daughter radioisotope (T 1/2 = 9.31 min) after the complete decay of the directly produced 178gTa (T 1/2 = 2.45 h). The experimental and model cross sections are shown in Fig. 3 . The best approximation is given by the EMPIRE and TALYS codes. 5.1.1.4 Production of 176 W No datasets were found for the decay characteristics of 176 W (T 1/2 = 2.5 h) in NUDAT 2.6. The LBL decay database contains only relative intensities for the decay γ-lines. We calculated cross sections assuming a 100 % absolute intensity for the most abundant 100.20 keV γ-line. According to Fig. 5 the magnitudes of experimental and the theoretical cross sections are comparable. In fact, in the investigated energy range production is only seen on the very low abundance 174 Hf, rise starts (according to the theory) by reaction on 176 Hf (threshold: 33 MeV).
175 W For 175 W (T 1/2 = 35.2 min) no decay datasets were found in NUDAT 2.6. The energies and intensities of the γ-lines were taken from the LBL decay database. The shapes of the experimental and the theoretical data are similar in the overlapping energy range, but the theoretical data are systematically higher (Fig. 6) . 182m Ta the EMPIRE code gives too low cross sections Fig. 7 and 8) . It is assumed to be a consequence of a bad pre-equilibrium model for the alpha induced reaction. The ALICE results look quite reasonable for both reactions. 5.1.1.8 Production of 178m Ta For the high spin state of 178m Ta (T 1/2 = 2.36 h, I π = 7-) no decay datasets were found in NUDAT 2.6; the data were taken from (Firestone and Ekstrm, 2004) . Decay of 178 W does not contribute to the population of this sate of 178m Ta. The experimental data are significantly higher than the predictions of the theoretical codes (Fig.  9) . No experimental data were found for the production of the 9.31 min half-life (1+) 178 Ta ground-state due to the short half-life. The results of our model calculations are shown in Fig. 10 .
177 Ta The cumulative cross sections of 177 Ta (T 1/2 = 56.56 h) include the direct production and the contribution from the decay of 177 W (T 1/2 = 132 min, : 100 % β + ). Cross section is nearly the same as for 177 W. A small contribution from direct reaction exists. The experimental data are in good agreement with the predictions of the different model codes for cumulative production (Fig. 11) . Also the TENDL-2013 prediction for the direct production confirms our conclusion from the experiment.
176 Ta The cross section data for production of 176 Ta (T 1/2 = 8.09 h) are cumulative including full contribution of nearly total decay of 176 W (T 1/2 = 2.5 h). We obtained only a few cross section data near the effective threshold. The direct production is significantly lower, com- pared to the indirect one (Fig. 12) .
5.1.1.11 Production of 175 Ta The measured cumulative cross sections of the 175 Ta (T 1/2 = 10.5 h) are shown in Fig. 13 in comparison with the theory. The cumulative cross sections were deduced from γ-spectra measured after nearly complete decay of the 175 W parent isotope (T 1/2 = 35.2 min). The three codes reproduce the cumulative experimental excitation function well. According to Fig. 13 the main contribution is indirect.
179m Hf In only one spectrum could we identify signal with acceptable statistics from the strong γ-line at 362 keV, indicating the presence of the long-lived isomeric state of 179m Hf (25/2) − , T 1/2 = 25.05 d, IT: 100 %). The very low corresponding cross section for production via (α,2pxn) reactions on higher mass stable Hf isotopes is indicated in Fig. 14. The magnitude of the predictions of ALICE and EMPIRE are lower compared to the experimental values (see Fig. 14) . No theoretical data in the TENDL-2013 library exist.
177m Hf The 177m2 Hf (37/2) − , T 1/2 = 51.4 min, IT: 100 %) is produced directly via (α,2pxn) reactions. No theoretical data are reported in TENDL-2013 for production of 177m2 Hf. The experimental data are comparable with the results predicted by the other two model codes (see Fig.  15 ). The results of the model codes are higher compared to the one single measured value; only the EMPIRE code gives acceptable approximation (Fig. 16) .

Cross sections of the nat Ta(d,xn) 178 W reaction
The cross sections for the nat Ta(d,xn) 178 W reaction are shown in Fig. 17 and the numerical values are presented in Table 5 . The reactions responsible for the production of a given activation product and their Q-values are given in Table 3 . Practically, only the 181 Ta(d,5n) reaction can contribute to the formation of 178 W, as the abundance of the quasi-stable 180 Ta in nat Ta is only 0.012 %. The earlier reported experimental excitation function of (Bisplinghoff et al., 1974) seems to be shifted to higher energy. The data in the TENDL-2013 library are acceptable, but shifted to lower energies. The best approximation is given by the EMPIRE code in our energy range.
Integral production yields
Thick target yields (integrated yield for a given incident energy down to the reaction threshold) were calculated from fitted curves to our experimental cross section data. The results for physical yields (production rate) (Bonardi, 1987) are presented in Fig. 18-19 . No earlier experimental thick target yield data were found in the literature. Hf-177m
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1.E+00 • Proton and deuteron induced spallationevaporation on heavy mass targets.
• Proton induced route via the 181 Ta(p,4n) reaction.
• Deuteron (50 MeV) route via the 181 Ta(d,5n) reaction.
• α-particle (50-30 MeV incident energy) route via nat Hf(α,x) and 176, 177, 178 Hf(α,xn) reactions.
• 3 He induced route via nat Hf( 3 He,x) and 176, 177, 178 Hf( 3 He,xn) reactions.
Among these possibilities the low and medium energy routes (from point of view of the energy ranges of cyclotrons) were investigated also by us (the investigation of the 3 He process is in progress). While nat Ta is practically monoisotopic ( 181 Ta-99.988 %), hafnium has seven stable isotopes, (the isotopic compositions for hafnium and tantalum are shown in Table 2 ) and optimization of production may ask for enriched targets. In Fig. 23 the integral yield curves were calculated for the most promising reactions for each bombarding particles (p, d, 3 He, α). Each curve was calculated on the basis of the EMPIRE cross-section, taking into account a correction gained by comparison with the experimental data, except in the case of 3 He, where no experimental data were available. The necessary corrections (based on a comparison with the experimental data) were in the range of 0.65-0.7 in the three corrected cases, so we can suppose that the uncorrected 3 He-induced yield is overestimated.
Spallation-evaporation
The 178 W production using high energy particles was investigated through proton or deuteron induced high energy spallation on tantalum (Michel et 
6.3.
181 Ta(d,5n) 178 W route The experimental and theoretical results for the 181 Ta(d,5n) reaction are presented in Fig. 17 . In spite of the large cross sections no routine production was performed using this reaction, due to the high deuteron energy required. By comparing with the 181 Ta(p,4n) reaction, the required incident particle energy is the same, the maximum cross sections are similar, but the yield for deuterons is expected to be lower due to the larger stopping power. Another point is, that in the case of commercial cyclotrons the maximum energy for deuterons is only 50 % of the maximum energy for protons. No information is available on the real use of deuterons for production of 178 W.
6.4. 176,177,178Hf(α,xn) 178 W route According to Fig. 3 the theoretical predictions for the nat Hf(α,x) reaction follow the shape of the experimen- tal data but the values are a little higher. In such a way, on the basis of this agreement we can predict the cross sections of the contributing reactions with high reliability. The theoretical data of contributing reactions from the TENDL-2013, ALICE and EMPIRE are shown in Fig. 21 . Only a few routine productions by using alpha particle-induced reaction were already performed (Zaitseva and Dmitriev, 1999) . As shown in Fig. 21 , the maximum of the cross section and consequently the integral yield as a function of the number of emitted neutrons is rising with increasing energy. The comparison of the integral yields with the data on proton and deuteron induced reactions result in the well-known conclusion, that it requires the same energy range, but the yield of alpha induced reactions is lower (Fig. 23) .
6.5. 176, 177, 178, 179 Hf( 3 He,xn) route
The theoretical excitation functions (Fig. 22) of the 3 He-induced reactions show that the cross sections and consequently the yields (Fig.23) are significantly lower compared to the previous reactions, not to mention the high price of the 3 He gas for the ion source.
Other factors influencing the choice of production route
In the comparison above we compared only the production cross sections and yields. Other important factors should also be discussed, such as target price, target recovery (if necessary), the availability and the price of the bombarding beam, the radionuclide purity, specific activity, etc.: Spallation requires high energy accelerators, allows use of large mass targets with natural isotopic composition resulting in a large number of radio-products, requiring complicated radiochemical processes for separation and purification. Due to the high energy reactions the target can be placed in the beam dump or tandem targets can be used.
The proton induced reaction on tantalum requires incident energy up to 70 MeV for high yield. Nowadays 70 MeV, high intensity cyclotrons are to be installed in a few institutes. Cheap natural Ta targets can be used that can withstand high intensity beams. High-purity 178 W production (target material and construction, separation chemistry) was investigated by (Dmitriev et al., 1997) .
The optimal energy range for the deuteron route (70-35 MeV) is currently not available for accelerators for routine production. Although the targetry is practically the same as for the proton route, the yield is in any case lower.
Alpha induced reactions on hafnium have only one advantage, namely the 176 Hf(α,2n) reaction (30-20 MeV) could be implemented at low energy accelerators (for example at commercially available 30 MeV H − cyclotrons having the alpha option for production of 211 At). The production yield will be lower (compared to the proton and deuteron routes) and the targetry is more complicated as a highly enriched target is needed (price, recovery and target preparation). By using nat Hf targets the yield will be about 20 times lower, but the targetry is simpler. Another issue is that the thermal conductivity of the metal hafnium is 2.5 times lower compared to tantalum, and also the maximum beam intensity of the alpha beams is significantly lower than proton intensity at commercial cyclotrons. The 3 He-induced reactions are not competitive. They can be used at low energy accelerators but the yield is very low even when using enriched targets. The targetry needed is the same as for α-particles. The price of the 3 He gas for ion source is however high, even by using a 3 He recovery system. Recently built commercial cyclotrons have no 3 He options.
Summary and conclusion
We present experimental cross sections for the nat Hf(α,x) 179 
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